Leishmaniasis is a widespread neglected tropical disease caused by parasites of the Leishmania genus. These parasites express the enzyme 3=-nucleotidase/nuclease (3=NT/NU), which has been described to be involved in parasite nutrition and infection. Bacteria that express nucleases escape the toxic effects of neutrophil extracellular traps (NETs). Hence, we investigated the role of 3=NT/NU in Leishmania survival of NET-mediated killing. Promastigotes of Leishmania infantum were cultured in high-phosphate (HP) or low-phosphate (LP) medium to modulate nuclease activity. We compared the survival of the two different groups of Leishmania during interaction with human neutrophils, assessing the role of neutrophil extracellular traps. As previously reported, we detected higher nuclease activity in parasites cultured in LP medium. Both LP and HP promastigotes were capable of inducing the release of neutrophil extracellular traps from human neutrophils in a dose-and time-dependent manner. LP parasites had 2.4 times more survival than HP promastigotes. NET disruption was prevented by the treatment of the parasites with ammonium tetrathiomolybdate (TTM), a 3=NT/NU inhibitor. Inhibition of 3=NT/NU by 3=-AMP, 5=-GMP, or TTM decreased promastigote survival upon interaction with neutrophils. Our results show that Leishmania infantum induces NET release and that promastigotes can escape NET-mediated killing by 3=-nucleotidase/nuclease activity, thus ascribing a new function to this enzyme. N eutrophils are short-lived cells and the most abundant leukocytes in the blood circulation; they constitute one of the first lines of defense against invading microorganisms (1). These granulocytes can kill microorganisms by phagocytosis, degranulation, and neutrophil extracellular traps (NETs). NETs are weblike structures composed of chromatin, granules, and cytoplasmic proteins that are extruded when neutrophils undergo NETosis, a unique cell death mechanism (2-5). However, recent work challenges NETosis as a cell death mechanism because live neutrophils were detected after NET extrusion in in vivo studies (6). NETs function by killing and containing pathogens, thereby preventing the pathogen's dissemination through the organism. In addition, some studies have indicated that NETs play a role in autoimmune diseases (7-10).
MATERIALS AND METHODS
Parasites. Promastigotes of Leishmania infantum (MHOM/BR/1974/ PP75) were maintained in brain heart infusion (BHI) modified medium (2 g/liter glucose, 2 g/liter peptone, 2 g/liter BHI, 0.25 g/liter liver infusion tryptose, 0.4 g/liter NaCl, 4 g/liter KCl, 11.5 g/liter NaH 2 PO 4 , 3 g/liter NaOH, 10 mg/ml hemin) supplemented with 20% fetal calf serum (FCS) at 26°C. These parasites are termed high-phosphate parasites (HP) herein because they were cultured in medium containing high concentrations of phosphate (P i ). In the low-inorganic phosphate culture medium, disodium hydrogen phosphate was replaced by sodium bicarbonate (8.4 g/liter) , and the resulting promastigotes are termed low-phosphate parasites (LP) herein. The pH of both media was adjusted to 7.2 with HCl. The measurement of phosphate concentration in the HP culture medium (83 mM) and LP culture medium (2 mM) was carried out according to the method of Fiske and Subbarrow (31) . Leishmania amazonensis (WHOM/BR/75/Josefa) and Leishmania donovani (MHOM/IN/83/Mongi-142) were maintained in Schneider's insect medium supplemented with 10% FCS at 26°C.
Metacyclic isolation. Metacyclic promastigotes were isolated from 5-to 6-day cultures of HP and LP parasites using a Ficoll gradient as described previously (32) . After gradient centrifugation, the metacyclics were isolated from the 10% Ficoll layer and the procyclic promastigotes from the pellet. Metacyclics were characterized by their typical morphology.
Enzyme assay. 3=-Nucleotidase activity was measured as previously described (30) . Briefly, intact promastigotes (1 ϫ 10 6 cells) were incubated for 60 min at 30°C in a mixture containing 116 mM NaCl, 5.4 mM KCl, 5.5 mM glucose, 50 mM HEPES-Tris buffer (pH 7.0), and 3 mM 3=-AMP as a substrate. The reaction was initiated by the addition of cells and stopped by the addition of 1.0 ml of an ice-cold suspension of 25% charcoal in 0.1 M HCl. This charcoal suspension was washed with 0.1 M HCl at least 20 times before use to avoid P i contamination (33) . This procedure reduces the values of blanks, as it removes nonhydrolyzed 3=-AMP from samples that are spontaneously hydrolyzed by sulfuric acid present in the Fiske-Subbarow reactive mixture (31) . Controls in which cells were added after interruption of the reaction were used as blanks. After the reaction time, tubes were centrifuged at 1,500 ϫ g for 15 min at 4°C, and 0.5 ml of the supernatant was added to 0.5 ml of Fiske-Subbarow reactive mixture (31) . The ecto-3=-nucleotidase activity was calculated by subtracting the nonspecific 3=-AMP hydrolysis measured in the absence of cells. The concentration of P i released in the reaction mixture was determined by using a P i standard curve for comparison.
Neutrophil purification. Neutrophils were isolated as previously described (12) . Briefly, neutrophils were isolated from buffy coats of healthy donors by Ficoll-Histopaque density gradient centrifugation (Histopaque; Sigma-Aldrich), and then contaminant red blood cells were subjected to hypotonic lysis. The isolated neutrophils were resuspended in RPMI 1640 (LGC Biotecnologia, São Paulo, Brazil) medium and kept on ice until use. All procedures were approved by the Institutional Review Board for Human Subjects (Hospital Clementino Fraga Filho, Universidade Federal do Rio de Janeiro).
Quantification and visualization of neutrophil extracellular traps. Neutrophils (2 ϫ 10 6 ) were incubated with or without promastigotes of Leishmania infantum at different parasite/neutrophil ratios. After different time points, restriction enzymes (EcoR1 and HindIII, 20 U/ml; BioLabs) were added and the cultures incubated for 30 min more at 35°C. NET DNA was quantified in the supernatant using the PicoGreen doublestranded DNA (dsDNA) kit (Invitrogen) according to manufacturer's instructions and previously published methods (12) . In parallel, neutrophils were incubated with 3=NT/NU inhibitors or with 3=NT/NU inhibitor-pretreated parasites to evaluate their impact on NET formation.
To visualize NETs, neutrophils (1 ϫ 10 5 ) were allowed to seed on poly-L-lysine-treated coverslips and then incubated with HP or LP promastigotes (1 ϫ 10 5 ). After 60 min, slides were fixed with 4% paraformaldehyde and stained with 4=,6-diamidino-2-phenylindole (DAPI) (10 g/ ml; Sigma). Epifluorescence images were taken in a Zeiss Axioplan. Neutrophil killing assay. A neutrophil killing assay was performed as previously described (12) . Neutrophils (2 ϫ 10 6 ) were incubated with or without DNase (20 U/ml; Fermentas Life Science). After 30 min of incubation, HP or LP parasites were added in a 1:0.1 neutrophil/parasite ratio and the culture was maintained for 120 min at 35°C with 5% CO 2 . Subsequently, FCS was added to a final concentration of 10%, and the culture was incubated at 26°C. After 2 days, parasite viability was assessed by counting live motile parasites in a Neubauer chamber. In parallel, we pretreated 5 ϫ 10 6 parasites with different concentrations of ammonium tetrathiomolybdate (TTM; Sigma) for 20 min at room temperature in 0.5 ml of RPMI. Then, we added 2 ϫ 10 5 (20 l) pretreated parasites to the neutrophils and maintained the cultures for 120 min at 35°C with 5% CO 2 ; the remainder of the assay was as described above. Because the final volume of the neutrophil killing assay mixture was 300 l, the maximum ammonium tetrathiomolybdate concentration in the neutrophil-parasite culture was approximately 7 M. In another set of experiments with 3=NT/NU inhibitors, 5=-GMP (250 M or 500 M; Sigma) and 3=-AMP (1,000 M; Sigma) were added to the cocultures of neutrophils at the same time as the parasites.
Cell viability assays. Neutrophils (2 ϫ 10 6 ) were treated with 3=NT/NU inhibitors at different concentrations for 150 min, followed by measurement of lactate dehydrogenase in the culture supernatant according to the manufacturer's directions (Promega). Briefly, 50 l of culture supernatant was incubated with 50 l of the substrate mixture in a 96-well plate at room temperature protected from light. After 30 min, 50 l of stop solution was added, and the plate was read at 490 nm on a SpectraMax fluorimeter. Leishmania infantum (1 ϫ 10 6 ) was treated with the inhibitors as described above and promastigote viability determined by daily counting of viable cells. In parallel, the TTM inhibitor toxicity for promastigotes of Leishmania infantum was assessed by propidium iodide (PI; Sigma) staining. Parasites (5 ϫ 10 6 ) were treated with TTM (100 M) for 20 min and stained with PI (10 g/ml). Cells were analyzed on a FACSCalibur flow cytometer and data analysis was performed using Summit 4.3 software.
Neutrophil extracellular trap digestion. We generated NET-enriched supernatant by activating neutrophils (8 ϫ 10 6 ) with phorbol myristate acetate (PMA, 100 nM; Calbiochem). After 180 min of incubation, the supernatant was recovered and was kept at Ϫ80°C until use. HP and LP parasites (2 ϫ 10 6 ), some pretreated with TTM, were incubated with supernatant from PMA-activated neutrophils (1,000 g of DNA) at a final volume of 200 l. After 180 min, the plates were centrifuged at 4,000 rpm for 10 min, and the supernatant was recovered and resolved on a 1% agarose gel using GelRed staining.
Statistical analysis. Data analysis was performed with GraphPad Prism 5.03 software. Unpaired t test analysis was performed, and P values of Ͻ0.01 and Ͻ0.05 were considered significant.
RESULTS

Leishmania infantum promastigotes induce the release of neutrophil extracellular traps.
It is well established that the cultivation of Leishmania promastigotes in medium with a low concentration of inorganic phosphate (P i ) or purines increases the expression and activity of 3=NT/NU in the parasites (26, 29, 30, 34) . We cultivated Leishmania infantum promastigotes in two different culture media: high-phosphate (HP; 83 mM P i ) medium and low-phosphate (LP; 2 mM P i ) medium; the promastigotes cultivated in these media are referred to herein as HP parasites and LP parasites, respectively. As expected, 3=NT/NU activity was 1.6-fold higher in LP parasites than in HP parasites (data not shown), confirming previous work showing that P i starvation increases the enzyme activity in L. infantum promastigotes (34) . The 3=NT/NU activity assays were performed with intact parasites, indicating that the enzyme is anchored to the parasite membrane (35) .
We have previously demonstrated that parasites of the genus Leishmania can activate neutrophils to release neutrophil extracellular traps (12) . This finding was further corroborated by Gabriel and colleagues (13) , who demonstrated that L. donovani also induces NET formation. In addition, upon interaction with neutrophils, promastigotes of Leishmania infantum activate NETosis in a time-and dose-dependent manner ( Fig. 1A and B) . Neutrophils start releasing traps as early as 30 min after incubation with parasites at a 1:1 neutrophil/parasite ratio ( Fig. 1A and B) . We performed this assay with 18 different blood donors and detected differences in the extent of response between each donor; however, all presented the same profile of response, that is, NET release upon stimulation (Fig. 1C) . Fluorescence microscopy images reveal NET structures released upon 60 min of neutrophil-L. infantum interaction (Fig. 1D) .
Neutrophil extracellular traps kill promastigotes of Leishmania infantum. In addition to the fact that parasites are able to induce NETosis, we demonstrated that NET histones kill Leishmania amazonensis (12) . Interestingly, comparing the survival characteristics of our two L. infantum populations, we found that LP parasites survived neutrophil killing at a rate 2.4 times greater than that of HP parasites ( Fig. 2A) . We then asked whether NETs could participate in parasite killing. The addition of DNase, an enzyme that destroys the NET DNA backbone, increased the survival of HP parasites. Upon the addition of DNase, HP and LP parasites survived, respectively, at 2.7-and 1.7-times greater rates than un- or LP promastigotes (B) of L. infantum at different cell ratios (1N⌽:0.1, 1 neutrophil-to-0.1 parasite ratio) and time points as indicated. Supernatants were recovered, and NETs were quantified as described in Materials and Methods. Controls (Ctrl) were incubated for 120 min. Results of at least 6 independent experiments are shown as means Ϯ standard errors of the means (SEM). *, P Ͻ 0.01 for control versus experimental results; **, P Ͻ 0.05. (C) Interdonor variations in NET release. Neutrophils from different healthy blood donors were incubated with HP or LP promastigotes of L. infantum at a ratio of 1 neutrophil to 0.1 parasite. After 120 min at 35°C, supernatants were recovered and NETs quantified. The control (Ctrl) condition was the spontaneous release of NETs. Results of 18 independent experiments are shown as means Ϯ SEM. *, P Ͻ 0.01 in relation to control. (D) Neutrophils were incubated with HP or LP promastigotes of L. infantum at a 1 neutrophil-to-0.1 parasite ratio. After 60 min, slides were fixed and stained with DAPI, and images were taken in a Zeiss Axioplan. The control condition was neutrophils incubated without parasites. Bar, 50 m. treated controls (Fig. 2B ). Compared to HP promastigotes, the addition of DNase did not lead to significant LP parasite survival (1.7 times greater than the survival of control parasites), perhaps because nuclease activity in these parasites may be already sufficient to cleave and escape from NETs. These results demonstrate that NETs can effectively kill Leishmania infantum parasites.
Parasites cultivated in low concentrations of inorganic phosphate or purines undergo metacyclogenesis faster than parasites cultivated in normal conditions. Metacyclics are the infective form of Leishmania and are more resistant to the host's killing machinery than procyclic parasites. Because we used stationary promastigotes in our experiments, to exclude the higher number of metacyclics as the reason for the higher survival of LP parasites, we purified metacyclics from the two cultures and compared parasite survival. LP metacyclics had 4.4 times greater survival of NETosis than HP metacyclics (Fig. 2C) . The difference was greater than when we used all stationary-phase promastigotes. This observation may be explained by the fact that 3=NT/NU activity is higher from metacyclic than from nonmetacyclic forms (34) . Additionally, both metacyclic and procyclic forms of HP and LP parasites induced NET formation (Fig. 2D) .
3=-Nucleotidase/nuclease activity allows parasites to escape killing by released NETs. Parasites grown in low-phosphate-containing medium express higher 3=NT/NU activity and show greater survival than parasites grown in high-phosphate medium ( Fig. 2A) . We asked whether nuclease activity could allow parasites to escape from NETs. Thus, we generated supernatant enriched in NETs by activating neutrophils with PMA, a classic NET inducer. These supernatants were confirmed to be enriched in NETs by NET DNA measurements as described in Materials and Methods. Parasites treated with and without ammonium tetrathiomolybdate (TTM), a 3=NT/NU inhibitor (35) , were incubated with NETs, and the NETs were resolved on agarose gels. LP parasites cleaved more NETs than HP parasites, and pretreatment with were pretreated or not with ammonium tetrathiomolybdate (TTM, 100 M) and incubated with NET-enriched supernatants (1,000 ng of DNA). After 180 min, tubes were centrifuged at 4,000 rpm for 10 min, and supernatants were resolved by electrophoresis in a 1% agarose gel with GelRed staining. (B) Intact HP or LP promastigotes (1 ϫ 10 6 ) were pretreated with different concentrations of TTM and then incubated for 1 h at 30°C in NaCl (116 mM), KCl (5.4 mM), glucose (5.5 mM), and HEPES-Tris (50 mM) buffer with 3=-AMP as the substrate. Inorganic phosphate was quantified in culture supernatants as described in TTM diminished the digestion of NETs (Fig. 3A) . In addition, 3=NT/NU activity was reduced by 80% when parasites were pretreated with 100 M TTM (Fig. 3B) .To assess the role of 3=NT/NU in parasite evasion of NETs, we pretreated parasites with different doses of TTM and incubated them with neutrophils. Pretreatment of parasites with TTM decreased parasite survival in a dose-dependent manner. More TTM was required to inhibit LP parasite survival (Fig. 3C) . A 100 M treatment reduced HP and LP parasite survival 4.4-and 3-fold, respectively, over the survival under control conditions (Fig. 3C) . We used two other inhibitors, 5=-GMP and 3=-AMP, and found similar results ( Fig. 3D and E) . The addition of 250 M 5=-GMP was sufficient to inhibit 56% of HP parasite evasion of NETs (Fig. 3D) . The addition of 500 M 5=-GMP to the coculture decreased HP and LP parasite survival by 2.3-and 2.2-fold, respectively, compared to the survival under control conditions (Fig. 3D) . Again, more 5=-GMP was required to inhibit LP parasite survival. The addition of 3=-AMP to the coculture also decreased parasite survival (Fig. 3E) . Furthermore, inhibition of 3=NT/NU activity of L. amazonensis and L. donovani also inhibited promastigote evasion of NET-mediated killing (Fig.  3F ). Of note, none of the inhibitors induced or prevented neutrophils from releasing NETs (Fig. 4A, B , and C). Furthermore, none of the inhibitors were toxic to neutrophils (Fig. 4D) or parasites ( Fig. 4E and F) . Parasites (5 ϫ 10 6 ) were pretreated with 100 M TTM in 0.5 ml of RPMI for 20 min, and then 2 ϫ 10 5 parasites (20 l) were added to neutrophils in a final volume of 300 l of culture. This way, the ammonium tetrathiomolybdate concentration was diluted 15 times and was approximately 7 M. Thus, we monitored the growth of Leishmania infantum promastigotes in the presence or absence of 7 M TTM (Fig. 4E) . In parallel, cell death was assessed using propidium iodide staining and analysis by flow cytometry (Fig. 4F) . None of the inhibitors were toxic to parasites under the conditions used.
DISCUSSION
We have previously demonstrated that parasites of the genus Leishmania induce the release of neutrophil extracellular traps and interact with and are killed by these structures (12) . Additionally, it was demonstrated that while Leishmania donovani triggers NET formation, it evades NET-mediated killing due to its lipophosphoglycan (LPG) (13) . Here, we demonstrate that promastigotes of Leishmania infantum induce NET release in a doseand time-dependent manner and evade NET-mediated killing through their 3=NT/NU activity.
Leishmania infection begins when an infected sand fly bites a host and, during its blood meal, inoculates metacyclic promastigotes into the skin (36) (37) (38) . It is well established that neutrophils are the first cells to be recruited to the site of infection and interact with Leishmania parasites (38, 39) . Thus, the study of neutrophilLeishmania interaction could lead to a better understanding of early aspects of innate immunity to this protozoan. Among the characteristics of this interaction, NET release by neutrophils is still poorly understood.
Since the discovery of NETosis, the list of microorganisms and molecules able to trigger NET formation has increased (5, 11). To date, bacteria, fungi, viruses, and protozoan parasites have been shown to induce NETosis in neutrophils (2, 4, 12, 13, (40) (41) (42) (43) . Among parasites, Leishmania spp., Eimeria bovis, and Toxoplasma gondii were reported to activate NETosis (12, 13, 40, 41) . Additionally, our group showed that Leishmania amazonensis and its LPG can activate NETosis (12) . LPG is a glycolipid expressed on the promastigote membrane in all species of Leishmania, presenting high polymorphism among species and strains (44, 45) . Leishmania parasites seem to induce NETs faster than other stimuli studied. Unlike the results for PMA, after 30 min of interaction with Leishmania, human neutrophils release detectable levels of NET DNA into the extracellular medium. Staphylococcus aureus also induces rapid release of NETs. Upon activation with S. aureus, neutrophils release NETs as early as 10 min later with no signs of neutrophil lysis and in a reactive oxygen species-independent way (46) . Whether Leishmania parasites also activate this distinct type of NET release warrants further investigation. Promastigotes of Leishmania infantum induced NETosis in a dose-and time-dependent manner. Furthermore, NET induction seems to be conserved in different species of Leishmania (12, 13) . In addition, as previously reported, human neutrophil donors differed in the magnitude of their NET response to different stimuli (3). Both HP and LP parasites activated NETosis in human neutrophils, and no differences were observed between these two populations. Furthermore, metacyclic parasites also induced NETosis.
In general, microorganisms trapped by NETs suffer the toxic effects of NET constituents (2, 12, 43) , but the expression of endonucleases allows different bacteria to escape NET-mediated destruction. Streptococcus pneumoniae, group A Streptococcus, and Staphylococcus aureus express potent endonucleases that degrade DNA filaments, allowing them to escape NET-mediated killing and to disseminate throughout the body (14-18). The enzyme 3=NT/NU is a new member of the class I nuclease family. It was described in Leishmania donovani parasites as the only member of this family that is anchored to the plasma membrane (23) (24) (25) (26) (27) 47) . Furthermore, it is conserved in different members of the Leishmania genus (L. donovani, L. infantum, L. tropica, L. major, and L. mexicana). Trypanosomatid protozoa are incapable of producing purines and are dependent on the host to supply this essential nutrient. This enzyme can provide purines by cleaving nucleotides or nucleic acids. Leishmania donovani, Leishmania chagasi, and Crithidia luciliae grown in low concentrations of purines and phosphate possess high levels of 3=NT/NU activity and expression on the parasite membrane. Accordingly, our data confirmed previous work that reported that LP parasites display a higher 3=NT/NU activity than HP parasites (34) . NETs were cleaved by 3=NT/NU, as visualized by agarose gel, an activity that was re- versed by treatment with the 3=NT/NU inhibitor ammonium tetrathiomolybdate. Additionally, parasite survival was decreased when 3=NT/NU inhibitors were added to the neutrophil-Leishmania coculture. Interestingly, this same mechanism of 3=NT/NU inhibition also circumvents evasion of NET-mediated killing of promastigotes from L. amazonensis, a cutaneous New World species, as well as L. donovani, a visceral Old World species. Taken together, these results clearly implicate 3=NT/NU activity as an escape strategy of Leishmania parasites to avoid NET toxicity.
Gabriel and colleagues (13) demonstrated that Leishmania donovani promastigotes evade NET toxicity due to the presence of LPG, as wild-type parasites had greater survival than LPG knockout promastigotes. Interestingly, the addition of DNase to the culture rescued LPG knockouts but not wild-type parasites from death. Similar to the results for L. donovani LPG knockout promastigotes (13), we showed that the addition of DNase clearly rescued HP and, to a smaller extent, LP parasites from NET-mediated killing. Interestingly, these two distinct mechanisms of avoiding NET-mediated killing were observed mainly in visceral leishmaniasis-causing agents. NET-associated histones were shown to mediate L. amazonensis killing (12) . In an analysis of histone toxicity to L. major, a cutaneous leishmaniasis-causing agent, it was demonstrated that lpg1 Ϫ mutants, which lack LPG, were equally as susceptibility to histone killing as the wild-type promastigotes (48) . Also, preincubation of histone with purified L. major LPG reduced the rate of death of wild-type promastigotes without affecting lpg1 Ϫ mutants (48) . LPG is highly polymorphic, varying among different Leishmania species and even strains (45) . Thus, the role of LPG in protecting parasites from NET killing mediated by histones associated with these traps is complex and remains to be established. Moreover, Leishmania surface metalloprotease (GP63) seems to participate in promastigote escape from NET histone killing, since it has been shown that knockdown of L. amazonensis GP63 increased parasite susceptibility to histone killing (48) .
Recently, it was demonstrated that LP parasites interact more with BALB/c mouse peritoneal macrophages than do HP parasites. Moreover, the addition of 3=-AMP and adenosine to the Leishmania-macrophage coculture increases the association index (34) . By cleaving NETs with 3=NT/NU, parasites could generate adenosine that may possibly increase their infection of macrophages. In addition, adenosine is well documented as an antiinflammatory agent that inactivates killing mechanisms of macrophages. Interestingly, the visceral leishmaniasis agents, Leishmania infantum and Leishmania donovani parasites, have higher 3=NT/NU activities than do cutaneous leishmaniasis agents (30) . Altogether, our results clearly show that 3=-nucleotidase/nuclease activity promotes Leishmania evasion from NET-mediated trapping and killing; however, other parasite or even vector salivary molecules certainly could participate in this phenomena. We will next investigate whether 3=-nucleotidase/nuclease activity may participate in the development and establishment of Leishmania infection through facilitating parasite escape from NET-mediated trapping and killing in the in vivo murine model of leishmaniasis.
